Stellar Mass Black Hole Formation and Multi-messenger Signals from Three
  Dimensional Rotating Core-Collapse Supernova Simulations by Pan, Kuo-Chuan et al.
DRAFT VERSION OCTOBER 7, 2020
Typeset using LATEX twocolumn style in AASTeX63
Stellar Mass Black Hole Formation and Multi-messenger Signals from Three Dimensional Rotating Core-Collapse
Supernova Simulations
KUO-CHUAN PAN (潘國全 ),1, 2, 3, 4 MATTHIAS LIEBENDO¨RFER,5 SEAN M. COUCH,6, 7, 8, 9 AND FRIEDRICH-KARL THIELEMANN5, 10
1Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan
2Institute of Astronomy, National Tsing Hua University, Hsinchu 30013, Taiwan
3Center for Informatics and Computation in Astronomy, National Tsing Hua University, Hsinchu 30013, Taiwan
4National Center for Theoretical Sciences, National Tsing Hua University, Hsinchu 30013, Taiwan
5Departement Physik, Universita¨t Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
6Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA
7Department of Computational Mathematics, Science, and Engineering, Michigan State University, East Lansing, MI 48824, USA
8National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, MI 48824, USA
9Joint Institute for Nuclear Astrophysics-Center for the Evolution of the Elements, Michigan State University, East Lansing, MI 48824, USA
10GSI Helmholtz Center for Heavy Ion Research, D-64291 Darmstadt, Germany
(Received October 7, 2020)
Submitted to ApJ
ABSTRACT
We present self-consistent, 3D core-collapse supernova simulations of a 40-M progenitor model using the
isotropic diffusion source approximation for neutrino transport and an effective general relativistic potential
up to ∼ 0.9 s postbounce. We consider three different rotational speeds with initial angular velocities of
Ω0 = 0, 0.5, and 1 rad s−1 and investigate the impact of rotation on shock dynamics, black hole formation,
and gravitational wave signals. The rapidly-rotating model undergoes an early explosion at ∼ 250 ms post-
bounce and shows signs of the low T/|W | instability. We do not find black hole formation in this model within
∼ 460 ms postbounce. In contrast, we find black hole formation at 776 ms postbounce and 936 ms postbounce
for the non-rotating and slowly-rotating models, respectively. The slowly-rotating model explodes at ∼ 650 ms
postbounce and fallback accretion onto the proto-neutron star (PNS) results in BH formation. In addition, the
standing accretion shock instability could induce rotation on the proto-neutron star with a non-rotating progeni-
tor and gives a black hole spin parameter of a = J/M = 0.046, if the specific angular momentum is conserved
during black hole formation. But for the non-rotating model, without an explosion, all the angular momen-
tum should eventually be accreted by the BH, resulting in a non-spinning BH. The successful explosion of the
slowly-rotating model drastically slows accretion onto the PNS allowing continued cooling and contraction that
results in an extremely high gravitational-wave frequency (f ∼ 3000 Hz) at black hole formation, while the
non-rotating model generates gravitational wave signals similar to its 2D counterpart.
Keywords: Core-collapse supernovae (304); Black holes (162); Neutron stars (1108); Gravitational wave as-
tronomy (675); Hydrodynamical simulations (767)
1. INTRODUCTION
Detection of gravitational waves (GWs) from a nearby
core-collapse supernova (CCSN) could be the next mile-
stone of GW astronomy and multimessenger astrophysics.
Improving GW search pipelines by providing a comprehen-
sive understanding of CCSN gravitational waveforms derived
from numerical simulations could be crucial to making such
a detection a reality (Abbott et al. 2016, 2019) and to de-
sign the next generation detectors (Roma et al. 2019). In
the past decade, our understanding of CCSN explosion en-
gine(s) has advanced dramatically due to advancing high-
performance computing facilities (Janka 2017), allowing us
to perform high-fidelity CCSN simulations with detailed mi-
crophysics and sophisticated neutrino transport (Lentz et al.
2015; Kuroda et al. 2016; Ott et al. 2018; Kuroda et al. 2018;
Summa et al. 2018; Chan et al. 2018; Andresen et al. 2019;
O’Connor & Couch 2018b; Morozova et al. 2018; Andresen
et al. 2019; Radice et al. 2019; Burrows et al. 2020). Fur-
thermore, the community has reached some consistency and
agreement in spherically symmetric simulations (O’Connor
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et al. 2018) and well-controlled multi-dimensional simula-
tions (Cabezo´n et al. 2018; Pan et al. 2019; Glas et al.
2019). However, the parameter space of CCSN explosion
models and multimessenger signal predictions from multi-
dimensional simulations is not yet fully explored.
Previous studies include the dependence on the progeni-
tor mass (Burrows et al. 2020), nuclear Equation of State
(EoS) (Kuroda et al. 2016; Pan et al. 2018; Schneider et al.
2020), grid resolution (Abdikamalov et al. 2015; Nagakura
et al. 2019; Melson et al. 2019), rotational effects (Taki-
waki et al. 2016; Summa et al. 2018; Andresen et al. 2019;
Powell & Mu¨ller 2020; Shibagaki et al. 2020), or magneto-
hydrodynamical effects (Mo¨sta et al. 2014; Obergaulinger
& Aloy 2020). Those studies suggest that CCSNe with
non-rotating intermediate-mass progenitors show weak GW
emissions, which can be observed only for galactic CCSNe
(Kuroda et al. 2016; O’Connor & Couch 2018b; Morozova et
al. 2018; Andresen et al. 2019; Radice et al. 2019). Although
the likelihood of a CCSN occurring within the Milky Way
is small, extreme conditions, such as massive progenitors
with fast rotation, might provide stronger GW emissions, and
may be detectable at extra-galactic distances by the current
LIGO-Virgo-KAGRA network (Pan et al. 2018; Shibagaki et
al. 2020; Powell & Mu¨ller 2020). In this paper, we present
results with extreme conditions in which black hole (BH) for-
mation occurs during the simulations, and we investigate the
rotational effects on the dynamics of BH formation and mul-
timessenger signals. BH formation in 3D CCSN simulations
have been investigated by Kuroda et al. (2018) with a 70 M
zero metallicity progenitor from Takahashi et al. (2014), and
an early BH formation within t < 300 ms postbounce is ob-
served. Chan et al. (2018) simulate a 40 M zero metallicity
progenitor from Heger & Woosley (2010) and obtain BH for-
mation at ∼ 0.9 s due to fallback accretion. The evolution of
GW frequencies from core bounce to BH formation reflect
the evolution and oscillation of the central proto-neutron star
(PNS), which are crucial probes to understand the micro-
physics and supernova engine(s) (Cerda´-Dura´n et al. 2013;
Pan et al. 2018; Kuroda et al. 2018). However, both Kuroda
et al. (2018) and Chan et al. (2018) do not consider rotation
in their simulations. Recently, Powell & Mu¨ller (2020) con-
ducted simulations of three massive rotating progenitors with
initial helium star masses of 18, 20, and 39 M, and found
that the high-frequency f/g-mode GW emissions are sensitive
to rotation. In the present paper, we explore the rotational ef-
fect on a 40-M solar metallicity progenitor and investigate
the impact on BH formation.
The paper is organized as follows. In Section 2, we
describe our simulation code, included physics, numerical
schemes, and initial conditions. In Section 3, we present the
results of our simulations and describe the rotational effects
on the general evolution, shock dynamics, neutrino emis-
sions, and GW signals. Finally, we summarize our results
and conclude in Section 4.
2. NUMERICAL METHODS
We use the publicly available code FLASH1 version 4
(Fryxell et al. 2000; Dubey et al. 2008) to solve the Eule-
rian hydrodynamics equations in multiple dimensions. Self-
gravity is solved by the improved multipole Poisson solver
of Couch et al. (2013) with a maximum multipole value
lmax = 16. To mimic the general relativistic (GR) effects,
we replace the monopole moment of the gravitational po-
tential with an effective GR potential based on the Case
A implementation that is described in Marek et al. (2006)
and O’Connor & Couch (2018a). Note that Westernacher-
Schneider et al. (2019) pointed out that the use of this effec-
tive GR potential might overestimate the gravitational wave
frequency by ∼ 15% (Zha et al. 2020). We use the Isotropic
Diffusion Source Approximation (IDSA, Liebendo¨rfer et al.
2009) to solve for the neutrino transport of electron flavor
neutrinos and use a leakage scheme for µ and τ flavor neutri-
nos (Rosswog & Liebendo¨rfer 2003). We use the Bruenn
description for weak interactions in Bruenn (1985) except
for neutrino-electron scattering (NES). NES is approximated
during the collapse from a parametrized deleptonization (PD)
scheme (Liebendo¨rfer 2005). The leakage scheme is based
on the local absorption and production rates in Hannestad &
Raffelt (1998). The diffusion source in our version of the
IDSA solver is solved in full 3D and has been accelerated
with GPU acceleration with OpenACC (Pan et al. 2017a,
2018, 2019). Twenty neutrino energy bins spaced logarith-
mically from 3 MeV to 300 MeV are used for electron flavor
neutrinos and anti-neutrinos. Note that close to black hole
formation, we find that the spectra of a few energy bins be-
come noisy. We smooth these energy bins in order to get a
smooth neutrino luminosity. The detailed method description
and implementation of our IDSA solver is described in Pan et
al. (2016, 2018); Cabezo´n et al. (2018) and Pan et al. (2019).
Our grid and hydro setup in FLASH is nearly identical to
what has been used in Couch (2013); Couch & O’Connor
(2014); O’Connor & Couch (2018a); Pan et al. (2016, 2018).
The simulation box includes the inner 10,000 km of a pro-
genitor in 3D Cartesian coordinates and we use 9 levels of
adaptive mesh refinement (AMR) in our simulations, giving
a cell width of 0.488 km in the finest zone. To save comput-
ing time, we reduce the AMR level as a function of the dis-
tance to the center, giving an effective angular resolution of
∼ 1◦. A power law profile in radius is used as outer boundary
condition for density and velocity to mimic the stellar enve-
lope (Couch 2013). We use the v-constant rotation formula
of Eriguchi & Mueller (1985a,b) to model the rotation of a
1 http://flash.uchicago.edu
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progenitor,
Ω(r) =
Ω0
1 + (r/A0)2
, (1)
where Ω is the angular velocity, r is the cylindrical radius,
A0 = 1, 000 km is a scaling constant we fixed in this
study, and Ω0 is a free parameter to model different rotational
speeds. Note that this rotation profile uses the cylindrical ra-
dius instead of the spherical radius. See Meynet & Maeder
(1997) and Heger et al. (2000) for discussions of “shellular”
vs “cylindrical rotation.”
We use the 40-M progenitor at zero-age main sequence
with solar metallicity (s40) from Woosley & Heger (2007) as
initial condition. We also use the Lattimer & Swesty equa-
tion of state (EoS) with incompressibility K = 220 MeV
(LS220, Lattimer & Swesty 1991). It should be noted that
although LS220 EoS is not completely ruled out, recent stud-
ies suggest that the LS220 EoS does not fulfill the constraints
from chiral effective field theory (Kru¨ger et al. 2013) and
it uses the single nucleus approximation for heavy nuclei.
O’Connor & Ott (2011) have shown that the s40 progeni-
tor with the LS220 EoS has the shortest BH formation time
among valid EoSs and the progenitors in the 2007 progenitor
set in Woosley & Heger (2007). This is further confirmed by
2D simulations with different EoSs (Pan et al. 2018). Thus,
we use this combination to save computing time in 3D simu-
lations. Note that we ignore magnetic fields in this paper for
simplicity, although it is considered as an import ingredient
to explain some long gamma-ray bursts, especially for cases
with fast rotating progenitors (Winteler et al. 2012; Mo¨sta et
al. 2014, 2015; Obergaulinger & Aloy 2020; Kuroda et al.
2020).
We conduct three 3D simulations from the onset of core
collapse with Ω0 = 0, 0.5 and 1.0 rad s−1. The PD
scheme is used during collapse to update the electron frac-
tion, entropy, and the momentum transfer from neutrino
stress (Liebendo¨rfer 2005). In addition, we include the non-
rotating 2D simulation with LS220 EoS from Pan et al.
(2018) as a comparison. In this paper, we denote these three
3D models from non-rotating to Ω0 = 1 rad s−1 as NR (non-
rotating), SR (slowly-rotating), and FR (fast-rotating), and
the non-rotating 2D model as NR-2D.
3. RESULTS
In this section, we present the results of our 3D simulations
with different initial rotational speeds. We first describe the
general properties of our simulations and then focus on dis-
cussions of the standing accretion shock instability (SASI),
angular momentum re-distribution, and multimessenger sig-
nals.
3.1. General properties and black hole formation
The NR and NR-2D models give an almost identical
bounce time because the stellar core remains nearly spher-
ically symmetric during core collapse. The core bounce in
the SR and FR models is delayed relative to the NR cases
by ∼ 4 ms and ∼ 13 ms, respectively, due to the effects
of rotation. Figure 1 shows the time evolution of averaged
shock radius, central density, mass accretion rate (measured
at 500 km), neutrino luminosity, mean energy, and diagnostic
explosion energy of all our models. All models show a simi-
lar central density at bounce, but the later evolution depends
strongly on the rotational rate: the faster the rotational speed,
the slower the rate of increase in the central density. The NR
model (thick green lines) is a failed SN, and a BH is formed
at 776 ms postbounce without shock revival. Since our code
uses an approximated GR treatment, we could not follow the
simulation up to the appearance of an event horizon. In this
paper, we define BH formation when the central density of a
PNS suddenly and rapidly increases, reaching the upper den-
sity limit of the nuclear EoS table (ρmax ∼ 3×1015 g cm−3).
This can be seen in the final part of the central density evo-
lutions of green and blue lines in Figure 1. We terminate a
simulation when this criterion is achieved. Relative to the
2D counterpart (model NR-2D) in Pan et al. (2018), the BH
formation time in the 3D NR model is delayed by ∼ 72 ms,
but the neutrino luminosities and mean energies are still very
similar.
At∼ 50 ms before BH formation, the NR-2D model shows
signs of explosion as the shock starts to expand rapidly. We
do not see this feature in model NR. This difference can be
understood by the presence of the third dimension in model
NR, and the fact that the NR-2D model has a higher reso-
lution in the gain region than the corresponding 3D model
(NR), resulting a higher neutrino luminosity in the NR-2D
model. Figure 2 shows volume rendering plots of entropy at
different time and with different initial rotational speeds.
The SR model behaves similarly to the NR model in the
first 400 ms postbounce, but subsequently shock revival is
achieved in the SR model at t > 650 ms postbounce.
Once the shock has revived, the diagnostic explosion energy
quickly increases to > 6 × 1050 erg at the end of our sim-
ulation when a BH is formed. BH formation takes place
at 936 ms postbounce. This shock revival is similar to the
full GR simulation of a 70 M (Z70) progenitor in Kuroda
et al. (2018), but in our case, the explosion is not only aided
by the strong convection behind the shock but also aided by
rotation.
Unlike NR and SR models, the FR model experiences a
fast shock expansion and explosion very early at ∼ 250 ms
postbounce. The diagnostic explosion energy reaches ∼
6 × 1050 erg at ∼ 460 ms postbounce when the averaged
shock front is above 1,000 km. We do not find BH forma-
tion within ∼ 460 ms postbounce. The FR model also has
4 PAN ET AL.
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Figure 1. Time evolution of averaged shock radius, central density, mass accretion rate (measured at r = 500 km), neutrino luminosities,
neutrino mean energies, and diagnostic explosion energy. Different colors represent simulations with different rotational speeds. The thin green
line shows a 2D counterpart of the non-rotating model in Pan et al. (2018). A moving averaged filter with a window of 3 ms is applied to the
neutrino luminosity and mean energy to reduce noise.
the lowest neutrino mean energies and luminosity due to the
early, fast shock expansion. The early explosion of the FR
model can be understood by the so-called low T/|W | in-
stability which has been discussed previously in Ott et al.
(2005, 2007); Kuroda et al. (2014); Takiwaki et al. (2016)
and Shibagaki et al. (2020). The left panel in Figure 3 shows
the ratio of the rotational to gravitational energy, T/|W |, on
the equatorial plane at 120 ms postbounce. The values of
T/|W | around the PNS and the gain region are between 4%
and 10 %. A one-arm spiral (m = 1) instability has devel-
oped and led to the explosion of the star. The right panel in
Figure 3 shows the density variation as defined in Ott et al.
(2005); Scheidegger et al. (2010); Takiwaki et al. (2016),
∆ρ ≡ ρ− 〈ρ〉〈ρ〉 , (2)
where angle brackets imply angle-averaging. A one-arm spi-
ral together with shearing flows can be seen in the right panel
in Figure 3. Takiwaki, & Kotake (2018) found a quasi-
periodic modulation of anisotropic neutrino signals, which
is associated with the one-arm spiral flow, in a rapid-rotating
supernova simulation. We are unable to diagnose this modu-
lation of the neutrino signals in our FR model since our free-
streaming neutrinos are angle averaged.
3.2. PNS Rotation and SASI
Figure 4 shows the time evolution of the direction of the
angular momentum of the PNS with different initial rota-
tional speeds. The magnitude of angular momentum in the
NR model (the left panel) is nearly zero during early post-
bounce, and therefore the direction of the angular momen-
tum vector is pointing in a random direction (the blue and
purple dots in the left panel in Figure 4). However, follow-
ing bounce, a preferred direction is excited due to convection
and SASI activity. Spiral modes of SASI could help to re-
distribute angular momentum and transport angular momen-
tum to the PNS, resulting in a spin-up of the PNS (Blondin
& Shaw 2007; Blondin & Mezzacappa 2007; O’Connor &
Couch 2018b). The SR (FR) model shows a similar effect
from the spiral SASI resulting in a small precession of the
angular momentum vector of ∼ 0.3◦ (∼ 1◦).
To further investigate the angular momentum transport be-
tween SASI and PNS, we follow Blondin & Mezzacappa
(2006); Couch & O’Connor (2014); Andresen et al. (2017)
to evaluate SASI directions by decomposing the shock front
into spherical harmonics. Figure 5 shows the normalized
SASI amplitudes, alm, in different axes, corresponding to
l = 1, m = 1,−1, 0 modes of spherical harmonics, where
alm is defined by
alm =
∫
S
Rs(θ, φ)Ylm(θ, φ)dΩ, (3)
BH FORMATION AND MMA 5
75 km 50 km 50 km
75 km 75 km 625 km
625 km200 km 250 km
250 ms 500 ms
500 ms 750 ms
775 ms
400 ms
250 ms
150 ms 250 ms
Ω
0 
= 
0
Ω
0 
= 
0.
5
Ω
0 
= 
1
Figure 2. Volume rendering of the entropy, density, and shock front at different postbounce time (column) and with different initial rotational
speed (row). The yellow color represents the entropy, the purple color shows the surface of PNS, and the thin blue layer indicates the shock
front. Positive z-axis (the green ticker) is pointing to the up direction, but the angular momentum vector is pointing to the down direction.
200 100 0 100 200
X [km]
200
100
0
100
200
Y
 [k
m
]
T/|W|
0.00
0.02
0.04
0.06
0.08
0.10
200 100 0 100 200
X [km]
200
100
0
100
200
Y
 [k
m
]
0.2
0.1
0.0
0.1
0.2
Figure 3. Left: the ratio of rotational to gravitational energy T/|W | on the rotational plane of FR model at 120 ms postbounce. Right: The
density variation (defined as in Equation 2) of the FR model at 120 ms postbounce.
6 PAN ET AL.
0°
45°
90°
135°
180°
225°
270°
315°
0
60
120
180
= 0 rad/s
0°
45°
90°
135°
180°
225°
270°
315°
0.00.1
0.20.3
0.40.5
= 1/2 rad/s
0°
45°
90°
135°
180°
225°
270°
315°
0.00.4
0.8
2.0
= 1 rad/s
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
t p
b 
[s
]
Figure 4. Time evolution of the direction of the rotational axes of the PNS in models with different initial rotational speeds. The origin of this
polar plot is pointed to the direction of the negative z-axis in the simulation box. The distance to the origin represents the azimuthal angle (φ)
of the rotational axis, and the phase angle shows the polar angle (θ) of the rotational axis. Colors from blue to yellow represent the simulation
time after core bounce. Note that the azimuthal angle limits from left to right panels are 180◦, 0.5◦, and 2.0◦.
0 100 200 300 400 500 600 700 800
Time [ms]
0.2
0.1
0.0
0.1
0.2
a 1
1/a
00
= 0 rad/s = 1/2 rad/s = 1 rad/s
0 100 200 300 400 500 600 700 800
Time [ms]
0.2
0.1
0.0
0.1
0.2
a 1
0/a
00
0 100 200 300 400 500 600 700 800
Time [ms]
0.2
0.1
0.0
0.1
0.2
a 1
1/a
00
Figure 5. Time evolution of SASI amplitudes in different directions. Different colors represent different initial rotational speed. Amplitudes
are normalized by the averaged shock radius (a00).
BH FORMATION AND MMA 7
-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
-75°
-60°
-45°
-30°
-15°
0°
15°
30°
45°
60°
75°
= 0 rad/s
-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
-75°
-60°
-45°
-30°
-15°
0°
15°
30°
45°
60°
75°
= 1/2 rad/s
-150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150°
-75°
-60°
-45°
-30°
-15°
0°
15°
30°
45°
60°
75°
= 1 rad/s
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
tpb [s]
Figure 6. Distribution of PNS rotational axes (gray/black dots) and SASI axes (colored dots). Colors from blue (gray) to yellow (black)
represent the simulation time after core bounce. The dot size represents the normalized strength. Note that in the middle (model SR) and
bottom (model FR) panels, the rotational axes point nearly to the south pole and therefore show only one dot at the lower edge of the plot.
with Rs being the shock location, θ and φ the two angles
in spherical coordinates, Ω the solid angle, and Ylm the
Laplace’s spherical harmonics.
The SASI direction vector is then defined by the curl prod-
uct of two SASI vectors separated by a short time inter-
val ∆t ∼ 1 ms, ~ASASI = [ax(t)xˆ+ ay(t)yˆ + az(t)zˆ] ×
[ax(t+ ∆t)xˆ+ ay(t+ ∆t)yˆ + (az(t+ ∆t)zˆ], where xˆ, yˆ,
and zˆ are unit vectors in Cartesian coordinates. Figure 6
compares the SASI directions with the angular momentum
vectors of PNSs. In the NR model, the SASI vector and an-
gular momentum vector are pointing to a random direction
early on, but converge to narrow and opposite directions af-
ter ∼ 500 ms postbounce, suggesting that the PNS received
its angular momentum from the SASI (See also Blondin &
Mezzacappa (2007); O’Connor & Couch (2018b)). A similar
behavior is not apparent in model SR and FR since the ini-
tial angular momentum is much higher than the contribution
from SASI. In addition, the SASI directions in the SR and
FR models have a precession due to rotation. The SR model
has a precession angle of nearly 90◦ can be understood from
its initial shock expansion toward the pole direction at∼ 500
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ms postbounce (see Figure 2). However, the FR model has a
precession angle irrelevant to its PNS spin.
The contraction of the PNS will further spin it up. Figure 7
shows the evolution of PNS rotational speed and orbital pe-
riods. Our results demonstrate that even a non-rotating pro-
genitor could end in a rotating PNS with an orbital period
of ∼ 30 ms. The SR and FR models naturally form a ro-
tating PNS with an orbital period ∼ms, which can result in
a millisecond pulsar if the PNS were endowed with a mag-
netic field. We analyze the conservation of angular momen-
tum by comparing the difference of angular momentum at
different time within an enclosed mass of 2.5M. The non-
conservation of angular momentum due to numerical dissi-
pation is . 3% during the collapse but could be as high as
. 15% near to BH formation. However, numerical dissipa-
tion of angular momentum should decrease the rotation rate
of the PNS, suggesting that the spin-up we find results from
the transport of angular momentum between the PNS and the
ejecta.
If we assume that the specific angular momentum is con-
served during black hole formation, we can estimate black
hole spin parameters of a = J/M = 0.046 and 0.52 for the
NR and SR models, respectively. Note that the NR model is
a failed SN, and therefore the subsequent fallback will cancel
the BH’s angular momentum resulting in a non-rotating BH.
However, if a similar non-rotating progenitor does explode,
the spinning remnant BH might have a similar spin param-
eter as our NR model. We could also estimate the remnant
BH mass MBH = 3.46M of the SR model by evaluating
the bound mass at the end of our simulation. Since the FR
does not undergo PNS collapse to a BH within our simula-
tion time, we can only provide a lower limit of a = 0.93 for
an eventual BH resulting from the FR model.
3.3. GW Emission
We follow the formulation in Scheidegger et al. (2008);
Murphy et al. (2009) and Pan et al. (2018) to evaluate the
gravitational wave strains based on the the first time deriva-
tive of the mass quadrupole moment and assume a fixed dis-
tance of 10 kpc to an observer. The second time derivative of
the mass quadrupole moment is derived by a finite difference
in post-processing. Figure 8 shows the “plus” polarization
gravitational waveforms of the three models at around core
bounce, assuming an observer on the equator. The bounce
signals are strongly correlated with the rotational speed and
the amount of angular momentum in the core, and are con-
sistent with what has been described in Dimmelmeier et al.
(2008); Richers et al. (2017) and Pajkos et al. (2019).
We perform short-time Fourier transforms with a moving
window of 10 ms to evaluate the GW spectrogram (Figures 9
and 10). Overall, the NR model behaves very similar to its
2D counter part in Pan et al. (2018) and shows no difference
between the plus mode and the cross mode in both polar and
equatorial viewing angles. The PNS peak frequency can be
seen in the extended yellow band in Figure 9 and 10. which
has been identified widely in various simulations (Mu¨ller et
al. 2013; Cerda´-Dura´n et al. 2013; Takiwaki et al. 2016; An-
dresen et al. 2017, 2019).
The low-frequency components (< 200 Hz) are expected
to come from the SASI or SASI-excited modes inside the
PNS (Kuroda et al. 2016; O’Connor & Couch 2018b; Radice
et al. 2019; Andresen et al. 2019). Although the strength
of the SASI GW emissions is much lower than that of the
PNS peak oscillations, the frequency window lies on the most
sensitive band of the advanced LIGO, Virgo, and KAGRA.
Therefore, the SASI signals could be useful to disentangle
the degeneracy caused by microphysics and CCSN progen-
itor. A Fourier analysis of l = 1 modes of our SASI com-
ponent shown in Figure 5 gives a low-frequency component
at around 200 Hz, which is apparent in Figures 9 and 10 at
late times. Additional features with frequencies lower than
the PNS peak frequency in model SR and NR can be seen in
Figure 9 and 10. These features may came from higher-order
modes of SASI or higher-order g − /p− modes.
GW emission from rapidly rotating progenitors has been
studied in several works, including Ott et al. (2005); Schei-
degger et al. (2010); Kuroda et al. (2014); Shibagaki et al.
(2020); Powell & Mu¨ller (2020). Under some extreme ro-
tational conditions the so-called low T/W instability (Ott et
al. 2005) can develop, resulting in a bar-mode-like configu-
ration of the rotating PNS. A strong GW signal from the one-
or two-arm spiral waves from the PNS surface is observed
in Shibagaki et al. (2020). Although the 70M progenitor
used in Shibagaki et al. (2020) is different from ours, the FR
model shows a similar component starting from ∼150 ms at
∼450 Hz. The strength of this GW signal then grows in time.
Note that the initial angular velocity of the iron core in Shiba-
gaki et al. (2020) is about 2 rad s−1, which is twice that of
our FR model, but the starting time and frequency are similar
in the FR model. This suggests that this GW frequency from
the low T/W instability might be insensitive to the amount of
angular momentum inside the iron core, but more dependent
on the structure of the PNS or the nuclear EoS. Pajkos et al.
(2019) and Richers et al. (2017) suggest that the strength of
the bounce signal can be used as diagnostics to measure the
angular momentum of the iron core. Therefore, combining
the bounce signals and the low T/W instability signals from
rapidly rotating progenitors can break the degeneracy from
the nuclear EoS. To confirm this hypothesis, however, more
detailed investigation with multiple EOSs would be needed.
Figure 11 shows the dimensionless characteristic ampli-
tudes (hchar) as functions of frequency. The hchar is calcu-
lated based on the formula described in Murphy et al. (2009)
and Pan et al. (2018). The sensitivity curves from the ad-
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Figure 8. Gravitational wave signals at around core bounce. Dif-
ferent colors represent different initial rotational speed.
vanced LIGO and KAGRA (Moore et al. 2015) are plotted
together in the black solid and dashed lines. Assuming a
distance of 10 kpc, all three models can be detected by ad-
vanced LIGO, Virgo, and KAGRA. It is noticeable that ro-
tation can enhance the strength of the GW amplitudes, but
the frequency ranges are comparable. In model FR, the peak
frequency is lower than in model SR and NR. This is mainly
due to an earlier termination time in model FR such that the
PNS is less compact than in model SR and NR which are ter-
minated right before BH formation. In addition, model SR
and FR have higher low-frequency components at∼ 100 Hz,
which might come from the eigenfrequency of the m = 1
mode of the rotation (Shibagaki et al. 2020). The peak fre-
quency at BH formation is above ∼ 2000 Hz, which is con-
sistent with our previous 2D simulations in Pan et al. (2018),
suggesting the next generation GW detectors should improve
the sensitivity in the kHz window in order to explore the
physics around BH formation (Gossan et al. 2016; Pan et al.
2018).
4. SUMMARY AND CONCLUSIONS
We have performed 3D core-collapse supernova simula-
tions of the s40 progenitor from Woosley & Heger (2007)
with three different rotational speeds. The fast-rotating
model explodes early at ∼ 250 ms postbounce and emits
strong gravitational wave signals at 400 − 800 Hz. The
non-rotating and slow-rotating models form BHs at 776 ms
and 936 ms postbounce. While the non-rotating model is
a failed supernova, shock revival is observed in the slow-
rotating model at about 180 ms prior to the BH formation.
This scenario is similar to what has been observed in Kuroda
et al. (2018) and Chan et al. (2018) but has a different time
scale for BH formation and fallback accretion. Both explod-
ing models have the diagnostic explosion energy higher than
6× 1050 erg and continue growing in time. The bound rem-
nant mass at the end of the simulation in the SR model is
3.46M, which could explain the origin of the low mass BH
(2.6M) in GW190814 (Abbott et al. 2020).
In addition to the time delay of BH formation in the slow-
rotating model, we also find that SASI could help to redis-
tribute angular momentum and could excite PNS rotation
even in the non-rotating model as it was suggested in Blondin
& Mezzacappa (2007); O’Connor & Couch (2018b). In our
FR model, explosion occurs without PNS collapse to a BH,
leaving behind a rapidly rotating PNS with an induced mil-
lisecond rotation period. For the SR model, explosion is ac-
companied by subsequent collapse of the PNS to a BH, leav-
ing behind a BH with spin parameter of a = 0.52, assuming
specific angular momentum is conserved.
Our simulations show that the GW emission is detectable
by the advanced LIGO, Virgo, and KAGRA if the sources are
within 10 kpc. The bounce GW signal can be used to identify
the angular momentum of the iron core, and the growth of the
PNS oscillation up to BH formation could be an important
probe to disentangle effects of the rotational rate from those
of the nuclear EoS. The peak GW frequencies in our models
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Figure 9. Gravitational wave spectrogram after core bounce, as observed from the equatorial direction. Different rows represent models with
different initial rotational speed and different columns indicate signals with different polarization.
with BH formation are above 2000 Hz, which are close to the
threshold of current GW detectors.
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